The sliding mode control of the cable-driven redundancy parallel robot with six degrees of freedom is studied based on the cablelength sensor feedback. Under the control scheme of task space coordinates, the cable length obtained by the cable-length sensor is used to solve the forward kinematics of the cable-driven redundancy parallel robot in real-time, which is treated as the feedback for the control system. First, the method of forward kinematics of the cable-driven redundancy parallel robot is proposed based on the tetrahedron method and Levenberg-Marquardt method. Then, an iterative initial value estimation method for the LevenbergMarquardt method is proposed. Second, the sliding mode control method based on the exponential approach law is used to control the effector of the robot, and the influence of the sliding mode parameters on control performance is simulated. Finally, a six-degreeof-freedom position tracking experiment is carried out on the principle prototype of the cable-driven redundancy parallel robot. The experimental results show that the robot can accurately track the desired position in six directions, which indicates that the control method based on the cable-length sensor feedback for the cable-driven redundancy parallel robot is effective and feasible.
Introduction
A multi-DOF heave compensation crane can compensate for the relative movement of two ships during a replenishment operation at sea, as shown in Figure 1 . The cable-driven redundancy parallel robot (CDRPR) is an important part of the heave compensation crane and can compensate for the six-degree-of-freedom (6-DOF) motion of a wave-induced ship during the replenishment operation. The CDRPR is a type of cable-driven parallel mechanism whereby the cable number is more than the freedom; it can lift large cargo, such as containers, using cables. The robot offers the advantages of a large working space, small inertia, and strong antiswing ability [1] .
There are two control schemes for CDRPR based on the coordinates used [2] , namely, the task and joint space coordinate. The control system controls the length of the cable obtained by sensors to reach the ideal value in the joint space coordinates, which controls the position of the end-effector [3] [4] [5] . The end-effector pose obtained from a 6-DOF position sensor or other methods is treated as a feedback for the control system in task space coordinates [6] [7] [8] . The control scheme of the task space coordinates is more accurate than other approaches for three reasons. First, in the joint space control case, the cable coupled behavior and its total effect on the end-effector position are ignored [9] . Second, in the task space coordinates, the end-effector position error input to the control system is the one between the current value and ideal value. Third, in the joint space coordinates, the end-effector pose is changed without changing the joint control parameter if there is a jam in the system. However, the task control can observe the change [10] .
Some sensors should nevertheless be used to obtain the end-effector pose rapidly and accurately, and this is then treated as feedback for the control system in the task space control. There are many sensors to measure the pose of the end-effector, namely, the computer vision sensor, laser sensor, and cable-length sensor. The computer vision sensor is a wellknown solution that makes it possible for the parallel robot to acquire the pose of the end-effector. Bayani et al. [11] introduced a vision-based position control for a planar cabledriven robot. Dallej et al. [12, 13] control method for ReelAx8 using a 3D pose visual serving sensor. Lu et al. [14] controlled the large radio telescope robot with a feedback system that is based on a combination of the vision sensor and encoder. Ramadour et al. [15] solved the translational velocity sent to the controller using a vision sensor that was installed on the platform of Marionet-Assist. Chellal et al. [16] introduced an INCA 6D robot that was equipped with a vision sensor Bonita used to measure the pose of the end-effector. However, the computer vision sensor is easily affected by weather such as rain, fog, and nighttime darkness. Measurement accuracy is reduced in the wave replenishment operation. The laser sensor can obtain an accurate and rapid position measure. Newman et al. [17] calibrated the Motoman P8 robot using a laser tracking sensor. In addition, the orientation measure is not mastered. It is only used for kinematic identification and has never been used in the control loop. Lytle et al. [18] used a laser-based 3D sensor to track RoboCrane's pose. However, it is expensive. The use of other sensor measurements [19] [20] [21] [22] suffers from disadvantages such as high cost, the complexity of the measurement system, and unavoidable round-off errors and measurement noise at sea. Another method to obtain the end-effector pose is use of the cable-length sensor. That is, the length of the hoisting cable is measured by a cable-length sensor, and then the end-effector pose is solved based on the forward kinematics (FK) of the CDRPR. However, solving the FK problem of the CDRPR in real-time is a complex undertaking because of the high-dimensional multivariate equations. Gallina et al. [23] and Khosravi and Taghirad [24] used the forward kinematics as the feedback to control planar cable-driven robots. However, the robots are planar robots and not applicable for CDRPR. Many researchers have attempted to solve the FK problem. Williams et al. [25] introduced a full Cartesian pose metrology system using 7-cable robots with a 6-string pot metrology. Yang et al. [26] put forward an FK method named modified global Newton-Raphson. Sun-an and Yamin [27] proposed a mixed algorithm combining immune evolutionary algorithm and numerical iterative. Morell et al. [28, 29] and Tarokh [30] proposed a method to solve the FK problem. Unlike other approaches, the algorithm does not use geometric parameters. He et al. [31] proposed multitask Gaussian method to solve FK problem for 6-DOF Stewart platform. Lee and Shim [32, 33] present an elimination procedure method to solve the FK problem, whereas Xu and Xi [34] present a real-time method for a tripod FK. Pott [35] proposes a method to solve the FK problem of an IPAnema cable robot using interval techniques and an iterative solver. However, most of the above methods are used on a Stewart platform and are inapplicable to CDRPR.
In this paper, a feedback method for sliding mode control based on the cable-length sensor is proposed to control the CDRPR. Compared with other methods, the feedback method of the cable-length sensor offers the advantages of low cost, no environmental impact, no measurement noise, high speed, high precision, and suitability for marine environments, which is a suitable feedback method for task space control for CDRPR. To solve the problem of high-dimensional multivariate equations, the FK problem of the CDRPR is transformed into the tetrahedron approach and optimum theory. In this paper, the high-dimensional nonlinear equations of mutual coupling were transformed into independent low-dimensional nonlinear equations using the tetrahedron approach (TA). In this manner, the lowdimensional nonlinear equations could be calculated using the Levenberg-Marquardt (LM) method. Then, the forward kinematics could be solved in real-time.
This article contains many sections. Section 1 introduces the basic aspects of the CDRPR, including a literature review and the basis of this article. Section 2 describes the structural design and the coordinates of the CDRPR in addition to the FK of the CDRPR. Section 3 introduces the dynamic of the CDRPR. Section 4 discusses the problem of sliding mode control based on exponential approach law. Section 5 shows the experimental studies on simulations and control of the principal prototype. Section 6 discusses the conclusions and problems for further work. Figure 2 , the CDRPR is composed of the base platform, end-effector, servo systems, cable-length sensor, cable-tension sensor, cables, and corresponding mechanical system. The end-effector is driven by the servo systems. The cable-length sensor measures the length of the cable. The cable-tension sensor measures the tension of the cable. Every two adjacent ropes are attached to a corner of the end-effector, and those ropes attached to the adjacent corner of the end-effector are located close to each other. The inertial frame N is placed in the inertial space. Frames B and P are placed at the base platform and the endeffector, respectively. The origin of frame B lies in the centre of mass of the base platform, and the origin of frame P is located at the centre of the upper surface of the end-effector. Let L ∈ 3 ( = 1, 2, . . . , 8) be the vector of the th cable. is the cable length. is the unit vector of L . ( = 1, . . . , 8) and ( = 1, . . . , 4) are the attachment points. p is the vector from to expressed in frame P, and B is the vector from to .
Forward Kinematics

System Description. As shown in
Inverse Kinematics.
According to geometry relation shown in Figure 2 , L is (2)
The constraint equations of FK problem exported by (2) are ( , , , , , )
where , , , , , are the position and pose variables, respectively, of the end-effector relative to the base platform. The CDRPR is a redundant cable-driven parallel robot. As is shown in (3), different from the traditional rigid parallel robot, the CDRPR has eight cables, and the FK solution is a function of the eight variables. The process of computation is in a six-dimensional space. It is difficult to provide a unique FK solution in real-time for the CDRPR since (3) is expressed as high-dimensional coupling equation. If the numerical iterative algorithm is used to calculate (3) directly, the six-dimensional matrix and the corresponding inverse matrix will be calculated at each step. It will increase the amount of calculation. It will take a long time to solve the FK problem and it is not possible to feed back the end-effector poses to the control system in real-time.
In this paper, four real variables are used instead of the six variables of (3). The eight-dimensional coupling equation is translated into the four-dimensional decoupling equation, which reduces the amount of iterative computation. Then, the LM could converge rapidly to the convergence point. The end-effector poses could be returned to the control system immediately since the FK would be solved in real-time.
Forward Kinematics Based on TA.
The vertices of the end-effector are treated as the top vertex of the tetrahedron. The space composed of eight ropes is divided into four tetrahedrons based on the tetrahedron lemma [36] . The plane of the base platform is the base of the tetrahedron. The two lines that attach the same vertices of the end-effector are the space lines of the tetrahedron. The line that attaches point and the end-effector vertex is the third space line, , as shown in Figure 3 .
Let the vector X, Y, Z be the coordinate of tetrahedron, and let
→ . The first tetrahedron includes two vertices ( 1 , B 1 , B 2 , ). 1 is the top vertex, and 1 is unknown, where 1 = ‖P 1 ‖.
where 11 = (
, and 
where 21 = ( . The third tetrahedron includes two vertices ( 3 , B 5 , B 6 , ), where 3 is the top vertex. 3 is unknown, where 3 = ‖P 3 ‖.
where 31 = ( 
where 41 = ( (4)- (7) are determined by the angles of adjacent vectors. If the angle is an acute one, the sign is "+"; else, it is "−".
is measured by the cable-length sensor, and B
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The constraint equations derived by TA can be expressed as follows:
That is,
where ( = 1, 2, 3, 4) is a function of and is regarded as constant.
Equation (3) is a six-dimensional nonlinear equation group that has eight equations. However, there are four equations in and each equation has only two unknown variables. is less variable relative to . There is no coupling between variables and no matrix operation. When is solved using the LM method, the objective function and gradient function can be obtained as the analytic solution compared to . When the appropriate initial conditions are selected, the solution can be achieved by a finite number of iterations because the algorithm does not involve a complicated calculation, such as the inverse matrix operation. In other words, the algorithm has the characteristics of fast convergence and meets the requirement of providing a real-time solution.
The solution of is a nonlinear least squares problem. ( = 1, 2, 3, 4) is solved using the LM method, and the pose is solved using the geometric method. The vector superscript denotes the reference coordinate system, and if the vector is not marked, the reference coordinate system is an inertial coordinate system. The position of the end-effector relative to the base platform x is x = [swaying, surging, heaving]
The swaying, surging, and heaving are the displacement of the end-effector in directions , , and , respectively.
where
where pitching, rolling, and yawing being the angle of rotation around , , and , respectively. The pose of the end-effector relative to the base platform is
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Figure 4: The initial value of the LM method is estimated by the approximate TA.
The Initial Selection of the LM Method.
The LM method is a nonlinear least squares algorithm, the most widely used method by researchers. The key of the LM method is initial value selection. If the initial value is far away from the convergence point, the iteration speed is slow and may even result in no converging solution. According to the configuration characteristics of the CDRPR, this method estimates the initial value of the LM method based on the approximate TA. As shown in Figure 4 , e ( = 1, 2, 3, 4; = 1, 2, 3) are the coordinates of the tetrahedron. The first approximate tetrahedron includes two vertices ( 1 , B 21 , B 31 , 3 ) , where 1 is the top vertex. est1 is an unknown variable. Because the displacement between 2 and 3 is very small in the process of design, let est1 ≈ 2 in the process of solving the TA: 
4_int is the initial value of 4 . B = B − B ; it is a known parameter. If the length of the cable is measured by the cable-length sensor, the iterative initial value of (9) is obtained from (14)- (22) . Since the initial value of is close to the convergence value, the number of iterations is finite, and the FK problem can be solved in realtime.
Numerical Example for the FK.
To illustrate the convergence of the LM method for FK problem, a numerical example is given. The overhead view of the CDRPR is shown in Figure 5 and the geometric parameters of the CDRPR are shown in Table 1 . The termination threshold of the LM algorithm is chosen to be 10 −6 . The maximum number of iterations is set to 50. The vector parameters of the CDRPR are shown in Table 2 . First, the data of cable length is produced by (2) based on the inverse of the CDRPR, shown in Table 3 . Then, the approximate tetrahedron approach is used to obtain an initial iterate for LM method via (14)- (22) . Equation (9) derived by TA is solved using the LM method based on the initial iterate. The initial value of 1 , 2 , 3 , 4 and convergence from this initial iterate toward the true solution are shown in Figure 6 . The FK of the CDRPR could be obtained via (10), (11) , and (13) based on the solutions of (9) .
As shown in Figure 6 , (a), (b), (c), and (d) of Figure 6 show the convergence of 1 , 2 , 3 , 4 in the six directions, respectively. The error between the actual value and ideal value of converges to zero in finite step. The starting point on the figures is the distance from the initial value to the true solution. The figures show that could converge to the true solutions in finite step based on the suitable initial value of the LM method. It means that the algorithm of initial selection for the LM method is effective. The FK of the CDRPR could be solved immediately if the data of the cable length were obtained by the cable-length sensor. The control system could control the pose of the end-effector in real-time based on the feedback of the FK.
Dynamic
The cable mass is very small compared with the end-effector, and the rigidity is larger. Therefore, the quality and elasticity of the rope is ignored. The dynamic model of the robot is simplified as the end-effector model. The platform is fixed in the inertial coordinate system since the movement of the supply ship is very small at sea. According to the Newton equation
where is the end-effector mass and g is the gravity vector. f represents the vector of the resultant force of rope on the endeffector. f ext is the vector of the resultant force of the external environment on the end-effector. According to the Euler equation
where I is an end-effector inertia matrix relative to the centroid. m represents the vector of the resultant moment of 
Figure 11: Continued.
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Combining (23) with (24), the dynamic of end-effector is
where M = [ 
Control
In this paper, the sliding mode method is designed based on the Lyapunov function. The sliding mode control has the advantages of fast response, insensitivity to parameter variation and disturbance, and simple physical realization. Figure 7 shows the block diagram for the robot control system. The target position and velocity of the end-effector relative to the end-effector is set up. The FK proposed in this paper is used to compute the actual position and velocity in real-time based on the length of the cable measured by the cable-length sensor. The error between the detection value and the target value is regarded as an input of the control system. The rope tension is computed by the sliding mode control and tension distribution method. The servo systems control the end-effector motion through the rope tension.
The sliding surface and Lyapunov functions are
where X andẊ are the ideal position and velocity of the end-effector relative to the base platform, respectively.X andẊ are the actual position and velocity of the end-effector relative to the base platform measured by the cable-length sensor, respectively. C = diag( 1 , . . . , 6 ).
Exponential approach law is used: In order to ensure thaṫis negative and the disturbance is unknown, the interference bound is used to design the control law
where K = diag( 1 , . . . , 6 ) and Q = diag( 1 , . . . , 6 ). According to (30) ,̇iṡ
One has hypothesis
where D and D are the disturbance bound; let
, which is to ensurė≤ 0. The system is globally asymptotically stable.
To avoid system flutter, the symbol function sgn(⋅) is replaced with saturation function sat(⋅):
At this point, the sliding mode control law is
A reasonable control law can be designed as long as the range of D is known, which makes the system stable and asymptotically convergent to S =Ṡ = 0; the robot is based on redundant parallel mechanism. The method of tension distribution optimization should be used to improve control accuracy. The interactive projection tension distribution optimization method [37] was used in this paper.
Experimental
To verify the effectiveness of the proposed cable-length sensor feedback method for the control scheme, simulations and experiments are applied to CDRPR. The principle prototype of CDRPR is shown in Figure 8 . The controller solves the FK according to the length measured by the cable-length sensor using the method proposed in this article. The geometric notation is shown in Figure 5 (b). The structural parameter of CDRPR is shown in Table 1 . The end-effector mass is = 16.576 kg. The control system is established based on the C++ language.
The first experiment is to study the influence of the control parameters on the control performance. Sliding surface parameter C and reaching speed parameter Q have great influence on control performance. Given a step signal, the tracking performance of different parameters is observed in a heaving direction. Figure 10 .
It can be seen that, with the increase of 3 , the faster the response of sliding mode, the more rapid the performance. With the increase of 3 , the system reaches the sliding surface more rapidly. However, the tracking performance is not greatly improved to a certain extent.
The second experiment is to verify the control performance of the 6-DOF motion of the end-effector of the CDRPR. The tracking control is carried out on three translational motions (swaying, surging, and heaving) and three rotation motions (pitching, rolling, and yawing). In the other five directions' tracking, the heaving direction will move up to raise the end-effector. The control path, the cable length measured by the cable-length sensor, and the control tension are shown in Figures 9-14 .
First, a trajectory in a swaying direction is considered. The control parameter is Δ = 5, = diag ( 2 2 2 2 2 2 the blue line is the position tracking path, which is the effector pose estimated by the cable-length sensor. The cable length is shown in Figure 11 (b), and the control tension is shown in Figure 11 (c). Second, a trajectory in a surging direction is considered. The control parameter is = diag ( 2 2 2 2 2 2 Figure 12(a) ; the cable length is shown in Figure 12(b) ; and the control force is shown in Figure 12 (c).
Third, a trajectory in a heaving direction is considered. The control parameter is = diag (2 2 2 2 2 2) , = diag (15 15 55 15 15 15) , = diag (7 7 7 7 7 7) , Δ = 5, and the initial value ofX isX = [0 0 −1.19 0 0 0] . The ideal signal and tracking path is shown in Figure 13(a) ; the cable length is shown in Figure 13 (b); and the control force is shown in Figure 13(c) .
Fourth, a trajectory in a pitching direction is considered. The control parameter is = diag ( 2 2 2 2 2 2 Figure 14(a) ; the cable length is shown in Figure 14(b) ; and the control force is shown in Figure 14(c) .
Fifth, a trajectory in a rolling direction is considered. The control parameter is = diag (2 2 2 Figure 15 (a); the cable length is shown in Figure 15 (b); and the control force is shown in Figure 15 (c). Sixth, a trajectory in a yawing direction is considered. The control parameter is = diag (2 2 2 Figure 16 (a); the cable length is shown in Figure 16 (b); and the control force is shown in Figure 16 (c).
In Figures 11-16, (a) shows the experiment results of tracking in swaying, surging, heaving, pitching, rolling, and yawing directions based on the sliding mode controller. The ideal paths are drawn in red, while the actual paths are drawn in blue. It can be seen that the cable-length sensor can be used to obtain the current end-effector pose in real-time, and the system can track the end-effector motion of the end-effector in each direction accurately. When tracking a direction of movement, the other direction of movement is maintained at zero. However, the heaving direction of movement is not maintained at zero since the robot needs to raise the endeffector in the process of controlling. In Figures 11-16, (b) shows the change in cable length measured by the cable-length sensor during the process of controlling. The cable length varies periodically with the periodic movement of the end-effector. In Figures 11-16, (c) shows the control tension of each rope, and there is no negative tension.
Conclusions
In this paper, the sliding mode control of the CDRPR with 6-DOF is studied based on cable-length sensor feedback. Under the control scheme of task space coordinates, the cable length measured by the cable-length sensor is used to solve the forward kinematics of the CDRPR in realtime; this is used as the feedback for the control system. The method used to solve the forward kinematics of the CDRPR is proposed based on the Tetrahedron Approach and Levenberg-Marquardt method. The high-dimensional nonlinear equations of mutual coupling were transformed into independent low-dimensional nonlinear equations using the tetrahedron approach, which is to ensure that the forward kinematics problem can be solved in real-time. Then, an iterative initial value estimation method for the LM method is proposed to ensure that the system can converge to the right point in the finite step.
The sliding mode control method based on exponential approach law is used to control the end-effector motion, and the influence of the sliding mode parameters on the control performance is simulated. Reaching speed parameter Q mainly affects the dynamic process of the switching function. The parameter can change the reaching speed from the system to the sliding surface. It can improve the dynamic quality of the system. The larger the Q is, the faster the system reaches the sliding surface. The sliding surface parameter C is to ensure that the sliding mode process is asymptotically stable and has a faster dynamic response speed. The larger the C is, the faster the response of the sliding mode process is. Therefore, the increase of Q and C can improve the system's rapidity. However, the parameter is too large, leading to the output of the control being too large, which often causes shaking in the actual control. Finally, the experimental results of 6-DOF position tracking on the principle prototype show that the robot can accurately track the desired position in six directions. Accuracy meets the system requirements. However, the tracking error is large in the wave trough; the influence of nonlinear factors such as friction may play a role, which may be addressed in future research. 
